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The acquisition of “ground-truth” land surface evapotranspiration (ET) data at the satellite pixel scale
over heterogeneous land surfaces is crucial to develop ET estimation models and improve the accu-
racy of remotely sensed ET values. However, few studies have focused on methods of acquiring ET
data at the satellite pixel scale. Based on multi-site eddy covariance (EC) system measurements from
the “Multi-Scale Observation Experiment on Evapotranspiration over heterogeneous land surfaces” in
the middle reaches of the Heihe River Basin, five upscaling methods were compared and a combined

Keywords: - method was developed to acquire “ground-truth” ET data at the satellite pixel scale. First, this study
Evapotranspiration . . . . .
Upscaling evaluated the performances of three simple upscaling methods (the arithmetic average, area-weighted

and footprint-weighted methods). The results showed that the three simple upscaling methods perform
well in the relatively homogeneous pixels. For the area-weighted method, the mean absolute percentage
error (MAPE) for these pixels was 6.1%. However, the accuracy was worse in the relatively heterogeneous
pixels, with a MAPE of 10.8% due to the surface heterogeneity significantly affecting the accuracy of the
upscaled results. Second, the upscaling of ET results from heterogeneous land surfaces at the satellite
pixel scale can be significantly improved by using two upscaling methods introducing auxiliary variables
(the integrated Priestley-Taylor equation method and the area-to-area regression kriging method), that
can characterize the heterogeneity of the surface water and heat conditions. Finally, a combined method
(applied the area-weighted method for relative homogeneous surfaces, otherwise used the method intro-
ducing auxiliary variables) was proposed to acquire both instantaneous and daily “ground-truth” ET data
at the satellite pixel scale at the time of a MODIS overpass. The uncertainties of the “ground-truth” ET
data were evaluated, taking the large aperture scintillometer (LAS) measurements as the satellite pixel
reference. The results show that the proposed upscaling method is reasonable and feasible, and therefore
could bridge the gap between in situ ET measurements and remote-sensing estimates of ET.

© 2016 Elsevier B.V. All rights reserved.

The satellite pixel scale
The Priestley-Taylor equation

research fields, such as global environment change, the manage-
ment of basin water resources, and the sustainable development of
agriculture.

With the development of new technologies since the 1970s,

1. Introduction

Land surface evapotranspiration (ET) is not only a key com-
ponent of surface water circulation but also an indispensable

component of surface energy balances, and plays an important role
in aspects of meteorology, hydrology, and ecology, etc. The high-
precision acquisition of ET at the regional-to-global scale provides
important scientific information that is valuable to high-interest
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methods for estimating ET via remote sensing have become an
effective way to obtain spatially and temporally continuous ET data
at the regional scale. Consequently, these methods have attracted
increasing attention from researchers and management depart-
ments and have been widely applied to various fields of study
(Kalma et al., 2008; Allen et al., 2011; Wang and Dickinson, 2012).
However, several uncertainties still remain in remote-sensing esti-
mates of ET and are primarily related to model mechanisms, model
inputs, parameterization schemes, and scaling issues (Jia et al.,
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2012). The mean absolute percentage errors (MAPEs) of the cur-
rent remote-sensing estimates for ET at the instantaneous, daily,
monthly, and annual scales are approximately 15-30%, 14-25%,
9-35%,and 5-21%, respectively (Kalmaetal.,2008; Wang and Liang,
2008; Yao et al., 2013; Velpuri et al., 2013). Therefore, remote-
sensing products must be validated and calibrated based on ground
measurements to provide higher-precision ET products for appli-
cations.

It is difficult to match in situ measurements with a satellite-
based ET estimation using the current instrumentation (e.g., the
eddy covariance (EC) system or large-aperture scintillometer (LAS))
due to the variations in the orientation, shape and size of the
source areas of in situ measurements. To solve this problem, Jia
et al. (2012) proposed a pixel selection method based on foot-
prints, which was superior to the method of directly comparing
in situ measurements with satellite-based estimates for a single
pixel or the method of multi-pixel averaging. However, because of
the spatial heterogeneity at the sub-pixel scale, the in situ mea-
surements over heterogeneous land surfaces only approximate the
“ground-truth” ET data at the satellite pixel scale (1-10km for
medium-low spatial resolutions) and can introduce errors in the
validationresults. If the “ground-truth” ET at the satellite pixel scale
can be obtained, these problems, including spatial-scale mismatch
and spatial heterogeneity at the sub-pixel scale, can be reasonably
solved.

Methods for the acquisition of “ground-truth” ET data at the
model grid scale (10-100 km) have been widely studied and can
provide useful references for obtaining “ground-truth” ET data
at the satellite pixel scale. A number of observational experi-
ments on multi-site surface fluxes and the related parameters
have been conducted over various underlying surfaces, includ-
ing The First ISLSCP Field Experiment (FIFE; Sellers et al., 1988),
the Hydrologic Atmospheric Pilot Experiment-Modélisation du
Bilan Hydrique (HAPEX-MOBILHY; André et al., 1986), the Hydro-
logic Atmospheric Pilot Experiment in the Sahel (HAPEX-Sahel;
Goutorbe et al., 1994), the Boardman Experiment (The Boardman
Regional Flux Experiment; Doran et al., 1992), the Northern hemi-
sphere climate Processes land surface Experiment (NOPEX; Halldin
et al., 1999), Lindenberg Inhomogeneous Terrain-Fluxes between
Atmosphere and Surface: a Long-term Study (LITFASS-98; Beyrich
etal.,2002),and LITFASS-2003 (Beyrich and Mengelkamp, 2006). In
these experiments, surface fluxes were observed at multiple sites,
and surface flux values at the model grid scale were obtained using
various upscaling methods. The upscaled flux values were also com-
pared to those obtained from airborne EC systems, LASs, remote
sensing estimation methods, and model simulations. The meth-
ods commonly used in previous studies of flux upscaling include
the arithmetic average method (Shuttleworth et al., 1989; Peng
et al., 2008), the area-weighted method (Gottschalk et al., 1999;
Beyrich et al., 2006; Ezzahar et al., 2009), the footprint-weighted
method (Ezzahar et al., 2007; Timmermans et al., 2009; Lu et al.,
2010), numerical models (André et al., 1990; Gryning et al., 2002;
Heinemann and Kerschgens, 2005), and geostatistical methods
(e.g., the area-to-area kriging (ATAK) method). For example, Ge
et al. (2015) proposed the area-to-area regression kriging (ATARK)
method to upscale the sensible heat flux from multi-site to the
satellite pixel scale over heterogeneous land surfaces and compared
the results with LAS measurements.

Although the above-mentioned upscaling methods have been
applied to the data analysis of various large-scale experiments con-
ducted around the world, the upscaled results of previous studies
have primarily focused on the model grid scale and have their
own limitations, including how to select an optimized upscaling
method according to the surface heterogeneity, and how to assess
the uncertainties of the upscaled results, etc. (Shuttleworth, 1991;
Heinemann and Kerschgens, 2005; Li et al., 2009).

To date, few studies have focused on methods of acquiring ET
data at the satellite pixel scale, especially for medium-low spatial
resolutions (1-10km). The following issues were studied based
on the multi-site measurements of the “Multi-Scale Observation
Experiment on Evapotranspiration over heterogeneous land sur-
faces 2012 (HiWATER-MUSOEXE)” in the Zhangye area, located
in the middle reaches of the Heihe River Basin: (1) three simple
upscaling methods (the arithmetic average method, area-weighted
method, and footprint-weighted method) to obtain ET at the satel-
lite pixel scale were evaluated, taking LAS measurements as the
satellite pixel reference; (2) for the heterogeneous condition, two
upscaling methods introducing auxiliary variables (the integrated
Priestley-Taylor equation method and the area-to-area regression
kriging method), which can characterize surface heterogeneity,
were developed and validated; and (3) both instantaneous and
daily “ground-truth” ET data were acquired at the satellite pixel
scale at the time of a MODIS overpass, and their uncertainties were
evaluated.

2. Materials
2.1. Experiment

The HIWATER-MUSOEXE was conducted in the middle reaches
of the Heihe River Basin between May and September 2012 and
involved a flux observation matrix that was composed of two
nested matrices: one large experimental area (30km x 30km)
and one kernel experimental area (5.5km x5.5km) (Li et al.,
2013; Xu et al, 2013). In this study, the dataset observed in
the 5.5km x 5.5 km kernel experimental area of the HIWATER-
MUSOEXE was used to study ET upscaling methods (Fig. 1). The
kernel experimental area was located in the Yingke and Daman irri-
gation district, and the main surfaces were maize, residential area,
vegetable, and orchard. These areas were separated into rows and
columns by shelterbelts. Together, they represent the land cover
and planting structure in the oasis of the middle reaches of the
Heihe River Basin. Moreover, 17 elementary sampling plots were
divided according to the distribution of crops, shelterbelts, residen-
tial areas, roads, and canals, as well as according to soil moisture and
irrigation status. These divisions resulted in one residential area site
(site 4), one orchard site (site 17), one vegetable site (site 1), and
14 maize sites. In each plot, one EC and automatic weather station
(AWS) was installed to observe sensible heat flux (H), latent heat
flux (LE), and meteorological elements. Two EC sets and seven lay-
ers of meteorological gradient observation systems were installed
at site 15. Moreover, the transpiration of shelterbelts with different
heights and diameters at breast height (DBHs) was measured using
a thermal dissipation probe (TDP) around sites 6, 8, and 17. Three
poplar trees in each site were each instrumented with three TDP
probes installed at a height of 1.3 m. Additionally, four groups of
optical large-aperture scintillometers (LASs) (eight sets with two
sets in each group) were installed in the 3 x 3 and 2 x 1 MODIS pix-
els within the kernel experimental area (three groups in three 3 x 1
MODIS pixels, named LAS1 to LAS3 from west to east, and one group
in one 2 x 1 MODIS pixels, LAS4). In each LAS group, we primarily
used the Boundary Layer Scintillometer (BLS) series scintillometer
data and only used the data measured by another scintillometer
(zzLAS developed by our group or Kipp & Zonen LAS) if the BLS
scintillometer measurements were missing. The sites located in the
three 3 x 1and one 2 x 1 MODIS pixels were selected to study the ET
upscaling methods based on the 11 EC and AWS sets, 4 LAS groups,
and 3 TDP groups at sites 4-8, 11-15, and 17 (Table 1).

To estimate the differences among these flux instruments, a
comparison experiment of the surface energy flux measurement
systems was conducted during May 14-24, 2012, prior to conduct-



Table 1

Details of the meteorological and flux sites in three 3 x 1 and one 2 x 1 MODIS pixels.

Observation items Type, manufactures Height/Depth(m) site Duration
Eddy covariance CSAT3/Li7500A, Campbell/Li-cor, USA 4.2 (6.2 after Aug.19) 4 site 4: 5.31-9.17
system 4.6 6 site 6: 5.28—9.21
Sensible and latent 3.8 7 site 7: 5.29—-9.18
heat flux 5 13 site 13: 5.27—9.20
45,34 15 site 15: 5.25—
CSAT3/Li7500, Campbell/Li-cor, USA 3 5 site 5: 6.03—9.18
3.2 8 site 8: 5.28—9.21
3.5 11 site 11: 5.29-9.18
35 12 site 12: 5.28—9.21
4.6 14 site 14: 5.30—9.21
CSAT3/EC150, Campbell, USA 7 17 site 17: 5.31-9.17
Large aperture BLS900, Scintec Germany 33.45 LAS1 6.07-9.19
scintillometer zzlas, RR9340, Rainroot, China (path length: 3256m) 6.16—9.19
Sensible heat flux
BLS900, Scintec Germany 33.45 LAS2 6.07-9.19
BLS450, Scintec Germany (path length: 2841m) 6.18—9.19
BLS900, Scintec Germany 3345 LAS3 6.06—9.20
LAS, Kipp&zonen, Netherland (path length: 3111m) 6.19—-9.20
BLS450, Scintec Germany 22.45 LAS4 6.02—
zzlas, RR9340, Rainroot, China (path length: 1854m) 6.21-9.20
Air Pressure PTB110 Vaisala, Finland - 17 AWS4: 5.10-9.17
CS100 Campbell, USA - 4,5,6,7,8,11,12,13,14,15, AWSS5: 6.04-9.18
Precipitation TR-525M Texas Electronics, USA - 7 AWS6: 5.09-9.21
TE525MM Campbell, USA - 4,5,6,8,11,12,13,14,15, AWS7:5.28-9.18
52203 RM Young, USA - 17 AWSS: 5.14-9.21
Wind speed/direction 010C/020C Met One, USA 5,10 6 AWS11: 6.02-9.18
10 4,5,7,8 AWS12: 5.10-9.21
03001 RM Young, USA 10 11 AWS13: 5.06-9.20
034B Met One, USA 10 12,13,14,17 AWS14: 5.06-9.21
Windsonic Gill, UK 3,5,10,15,20,30,40 15 AWS17:5.12-9.17;
Air HMP45D Vaisala, Finland 5 12,13,14 AWS15: 5.10-
temperature/humidity
HMP45C Vaisala, Finland 5 4,517
HMP45AC Vaisala, Finland 5 7,8,11
5,10 6
AV-14TH Avalon 3,5,10,15,20,30,40 15
Four-component CNR4 Kipp&Zonen, 6 6,8,13,14
radiation Netherland 4 7,12
CNR1 Kipp&Zonen, 6 4,17
Netherland 4 511
PSP&PIR Eppley, USA 12 15
Soil moisture ECH,0-5 Decagon Devices, USA —0.02,-0.04, 12,13,14
CS616 Campbell, USA -0.1,-0.2,-0.4,-0.6,—1; 4,56,7,8,11,17
CS616 Campbell, USA —-0.02,-0.04,-0.1,-0.2, 15
-04,-0.8,-1.2,-1.6;
Soil heat flux HFPO1 Hukseflux, Netherland —0.06, —0.06, —0.06 4,5,6,7,8,11,17,
HFT3 Campbell, USA 12,13,14
HFPO1SC Hukseflux, Netherland 15
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Fig. 1. Distribution of instruments in the kernel flux matrix.

ing the HIWATER-MUSOEXE. The comparison field was located in
the Bajitan Gobi desert (a nearly flat and open surface), west of
Zhangye city. In total, 20 EC sets, 7 LAS sets, and 18 radiometers sets
involved in the comparison were used in the HIWATER-MUSOEXE.
The detailed results for this experiment can found in Xu et al.
(2013).

2.2. Data processing

Careful data processing and quality assessment are important
to ensure the accuracy of the observation data and are critical to
obtain reliable results.

2.2.1. Flux data

The raw 10 Hz EC data were processed using the Edire software
developed by the University of Edinburgh (http://www.geos.ed.ac.
uk/abs/research/micromet/EdiRe). The processing steps included
spike detection, lag correction of H,O/CO, relative to the vertical
wind component, sonic virtual temperature correction, coordi-
nate rotation (2D rotation), corrections for density fluctuations
(WPL-correction), and frequency response correction. In addition,
the quality of the observation data was divided into three classes
according to the quality assessment method of stationarity (Ast)
and the integral turbulent characteristics test (ITC): class 1 (level
0, Ast<30, and ITC<30), class 2 (level 1, Ast<100, and ITC<100),
and class 3 (level 2, Ast<100, and ITC>100), representing high-,
medium- and low-quality data, respectively. Classes 1 and 2 were

selected for ET upscaling. In addition to these processing steps, the
30-min flux data were screened using a four-step procedure: (1)
data from periods of sensor malfunction were rejected; (2) data
within 1h before or after precipitation were rejected; (3) incom-
plete 30-min data were rejected when the missing data constituted
more than 3% of the 30-min raw record; and (4) data were rejected
at night when the friction velocity (u+) was below 0.1ms~! (Liu
et al., 2011, 2013). To obtain daily ET, the nonlinear regression
method (NLR) was used to establish the relationship between latent
heat flux (EC-LE) and the net radiation (Ry) and to fill the gaps
between the 30-min flux data (Berbigier et al., 2001). The daily
ET was calculated using the continuous 30-min data. Due to the
energy imbalance in the EC measurements, the Bowen ratio cor-
rection method proposed by Twine et al. (2000) was used to force
the energy balance closure.

The LAS data were processed using the structure parameter of
the air refractive index C,2 (measured by Scintec LAS) and the volt-
age Ucnz(log Cn? signal, measured by Kipp & Zonen and zzLAS). The
sampling frequency was 1 Hz for the Kipp & Zonen LAS and zzLAS
with an output period of 10 min, whereas the sampling frequen-
cies were 5Hz for BLS450 and 125 Hz for BLS 900, both of which
featured an output period of 1 min. Finally, all the LAS data were
averaged to 30 min. The sensible heat flux (LAS-H) was obtained
via aniteration method that combines the meteorological data (e.g.,
wind speed, air temperature, and air pressure) based on the Monin-
Obukhov similarity theory. The main quality control steps of LAS
were as follows: (1) the data were rejected when Cy2 exceeded
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the saturated criterion (Ochs and Wilson, 1993); (2) the data were
rejected when the demodulation signal was small; (3) the data were
rejected when collected within 1h before or after precipitation;
and (4) the data were rejected if collected at night when weak tur-
bulence occurred (u- less than 0.1ms~1) (Liu et al., 2011, 2013).
For LAS-H estimations during unstable atmospheric conditions, a
nonlinear regression method for the relationship between LAS-H
and the area-averaged R, was used to estimate the missing data
between the 30-min observations. During stable atmospheric con-
ditions, the gaps were filled with a value of zero. The LAS-LE was
estimated from the energy balance equation, and the area-averaged
Ry and surface soil heat flux Gy were obtained using the area-
weighted method of related R, and Gy values from several plots
within each LAS source area. However, during advection conditions
(H<10Wm=2 in the daytime), the LAS-LE was obtained directly
from linear interpolation using the relationship of LAS-LE and the
area-averaged R, under non-advection conditions (H>10W m~2).

Only daytime (10:30-18:00 BST, Beijing standard time) data
under unstable conditions were used to acquire the 30-min ET data
at the MODIS pixel scale. Additionally, to avoid advection condi-
tions, we only selected 30-min data from periods when the H values
of the EC and LAS measurements were greater than 10W m~2. The
gap-filling 30-min data were only used to acquire the daily ET val-
ues at the MODIS pixel scale. In addition, days with a percentage
of missing 30-min data greater than 50% were considered missing
days and were not used in the upscaling analysis.

2.2.2. Remote-sensing and other auxiliary data

Land surface temperatures (LSTs) retrieved from the Advanced
Spaceborne Thermal Emission and Reflection radiometer (ASTER)
and the environmental protection & disaster monitoring constel-
lation (HJ-1B) were used in this study (Zhou et al., 2015). The
resolutions of ASTER and HJ-1B were 90 and 300 m, respectively,
and the HJ-1B LST data were resampled to 90 m. The Normal-
ized Difference Vegetation Index (NDVI, with a resolution of
90 m) was calculated using the reflectance in the near-infrared
(ponir) and red bands (pg). The fractional vegetation cover (FVC)
was calculated using the NDVI: FVC = 1-(NDVI-NDVIyax )/(NDVIyin-
NDVImax )X, where NDVI,;, represents the normalized vegetation
index of bare soil, NDVIx represents the maximum value of the
normalized vegetation index, and K is 0.4631 (Baret et al., 1995).
We collected 9 ASTER images (June 15, June 24, July 10, August 2,
August 11, August 18, August 27, September 3, and September 12)
with a passing time of 12:15 BST and 3HJ-1B images (June 17, 19,
and 30) with a passing time of 12:30 BST (June 16) and 12:00 BST
(June 19 and 30).

The land cover/use map was produced from a Compact Air-
borne Spectrographic Imager (CASI) image using the support vector
machine method combined with a previous ground investigation
(Zhang et al., 2013).

The automatic weather station (AWS) data were processed to
30-min average period, and data beyond the range of physical pos-
sibility were rejected. The gaps were filled via linear interpolation.
The soil heat flux plates in this study were buried at depths of 0.06 m
(two plates were buried under bare soil between maize plants and
one plate was buried under the maize plant), and the surface soil
heat flux (Gg) was calculated using the “plateCal” approach based
on the weighted vegetation fraction combined with the soil tem-
perature and moisture measured above the heat plates (Liebethal
et al., 2005). The LST data were calculated from downward and
upward longwave radiation measured by the AWSs and the surface
emissivity measured by the FT-IR spectrometer (102F) (Mu et al.,
2012). The spatial distributions of available energy, air tempera-
ture, wind speed, and air pressure from the 21 AWSs in the large
experimental area were interpolated to a resolution of 90 m using
the inverse distance-weighted method.

The shelterbelt transpiration was measured via a thermal dissi-
pation probe (TDP). The raw TDP data were temperature differences
with a sampling frequency of 30s and averaged over 10 min, and
processed to 30 min average period. The sap flow and sap flux
density were calculated from the temperature differences and
cross-sectional area of the sapwood. Then, the shelterbelt transpi-
ration was calculated according to the shelterbelt area and tree
density (Qiao et al.,, 2015).

3. Methods
3.1. Footprint model

The flux contributing source area of the EC and LAS measure-
ments can be estimated using the footprint model, and the spatial
representative area of the flux can be obtained quantitatively. To
estimate the flux footprint, a method proposed by Kormann and
Meixner (2001), which is a Eulerian analytic flux footprint model,
was implemented to obtain the flux footprint of the EC measure-
ments. The LAS source area can be calculated by combining the
path-weighting function of the LAS with the footprint model for
point fluxes (Meijninger et al., 2002). The footprint calculated area
of ECwas approximately 3 km x 3 km, with the ECinstallation point
at the center. For the LAS footprint, the footprint calculated area
was approximately 6 km x 6 km with the central path length of LAS
at the center. The daily or monthly flux source area of the EC and
LAS flux measurements was obtained by weighting the every half-
hourly footprint results using their respective sensible heat fluxes.
Theresolution of the source area was 30 m for both EC and LAS mea-
surements, and the flux contribution of the chosen total source area
was set to 90%.

3.2. Upscaling methods

3.2.1. Three simple upscaling methods

Three simple upscaling methods for ET were used in this study:
the arithmetic average, area-weighted average, and footprint-
weighted methods.

The arithmetic average method was primarily used for homo-
geneous land surfaces, where each plot plays the same role and
the pixel values can be acquired by averaging several EC measure-
ments.

For the area-weighted and footprint-weighted methods, the
study area was first divided into different plots according to the
surface heterogeneity; then, the fraction of each plot or the relative
weight of the LAS footprint at the satellite pixel scale was acquired
combining the land use/cover map and footprint model; and finally,
the latent heat flux at the satellite pixel scale was computed using
the following relationship (Eq. (1)).

N

LEscaling = Zwiei (1 )

i=1

where LEjing is the latent heat flux in the three 3 x 1 or one 2 x 1
MODIS pixels, N is the number of plots in the pixel, W; is the area
proportion of theith plot relative to the satellite pixel or the relative
weight of the LAS footprint at the satellite pixel scale (Table 2), and
0; is the EC measurement in the i th plot. The relevant ECs are as
follows: LAS1: EC4-6, EC11, and EC14; LAS2: EC4, 6, 7, 8, 12, and
14; LAS3: EC4, 7, 8, 12, 13, and 15; and LAS4: EC4, 12, 13, 15, and
17 (Fig. 1).
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Table 2
The weighted value of each EC measurement in the different MODIS pixels.

Related EC 3 x 1MODIS pixels (LAS1) 3 x 1IMODIS pixels (LAS2) 3 x 1MODIS pixels (LAS3) 2 x 1MODIS pixels (LAS4)
Area weighted Footprint Area weighted Footprint Area weighted Footprint Area weighted Footprint
(%) weighted (%) (%) weighted (%) (%) weighted (%) (%) weighted (%)

EC4 15 7 15 10 13 31 7 10

EC5 20 19 - - -

EC6 13 22 17 18 = N

EC7 - - 19 17 12 6

EC8 - - 9 18 36 31

EC11 19 33 - - - -

EC12 - - 14 18 10 15 10 2

EC13 - - - - 9 8 21 7

EC14 22 14 19 13 - -

EC15 - - - - 11 5 50 74

EC17 - - - - - - 6 5

shelterbelt 11 7 6 9 4 6 2

3.2.2. The integrated Priestley-Taylor equation method

The Priestley-Taylor equation (Priestley and Taylor, 1972) can
be used to calculate the potential ET from wet surfaces under con-
ditions of minimal advection as follows:

LEy =« (Rn — Go) 2)

A+y

where LE, is the latent heat flux for saturated surfaces, o is the
Priestley-Taylor parameter, R, and Gy are the net radiation and
surface soil heat flux, respectively, A is the slope of the satura-
tion vapor pressure to air temperature, and y is the psychrometer
constant.

Multiple researchers have estimated the actual ET over unsatu-
rated surfaces using the Priestley-Taylor equation by establishing
a relationship between o and the soil moisture, land surface tem-
perature, and vegetation parameters (Davies and Allen, 1973; Jiang
and Islam, 2001; Fisher et al., 2008).

In this study, ET at the satellite pixel scale was acquired using
the Priestley-Taylor equation by combining the land surface tem-
peratures retrieved from remote sensing images. The processing
steps were as follows: 1) The « for each EC site was calculated
using the Priestley-Taylor equation by combining the observations
of LE measured by EC and Ry, Go, the air temperature (T;), and the
air pressure (P) from the AWS in each plot. 2) The a values were
plotted versus their influencing factors, such as the soil moisture,
the difference between the surface temperature and air tempera-
ture (Ts-T,), and the vapor pressure deficit (VPD), to determine the
most influential factors. Then, the relationship between « and the
most influential factor was established in each plot. This relation-
ship was considered suitable for the entire plot, and the « in each
plot was estimated from AWS and remote sensing data. 3) The ET
in each plot was calculated using the Priestley-Taylor equation and
the interpolated air temperature, air pressure and available energy.
Finally, ET estimates at the satellite pixel scale were acquired using
Eq. (3), which combines the measurements from the residential
area (EC4) and the shelterbelts (around sites 6, 8, and 17).

LEscaling = WiLEi + WuillageLEvillage + WshelterbeltLEshelterbelt (3)

where LEqing is the latent heat flux in the three 3 x 1 or one 2 x 1
MODIS pixels, LE; is the latent heat flux in the i th plot calculated
by the Priestley-Taylor equation, LEyjj,ge is the latent heat flux
measured in the residential area, LEgpejterbert 1S the latent heat flux
measured by TDP in the shelterbelt, W; is the fraction of the ith plot
relative to the three 3 x 1 or one 2 x 1 MODIS pixels, and Wyjjjage
and Wipelterbelr are the fractions of residential area and shelterbelt
relative to the three 3 x 1 or one 2 x 1 MODIS pixels, respectively.

3.2.3. The area-to-area regression kriging method

Currently, the geostatistics method is rarely used in upscaling
surface fluxes. However, with the rapid development of geostatis-
tics in recent years, the area-to-area regression kriging method
provides a new way to upscale surface fluxes under heterogeneous
land surfaces (Ge et al., 2015). The sensible heat flux of the three
3 x 1 or one 2 x 1 MODIS pixels was obtained using the area-to-
arearegression kriging method by combining the EC measurements
made during the HIWATER-MUSOEXE and the FVC, LST, and NDVI
data retrieved from remote sensing images. First, a linear multiple
regression model was established to relate the auxiliary variables
for the surface sensible heat flux trend and residual:

Hjr = Bot + Bt - FVCi¢ + Bar - LSTjr + B3¢ - NDVIie + Bar - Uje + 13 (4)

where Hj; is the sensible heat flux of the i th EC during the ¢t
th period;FVC;, LST;;, NDVI;;, and u;; are auxiliary environmental
variables, i.e., the FVC, LST, NDVI, and wind speed (u), extracted
by the i th EC footprints during the t th period; B (0, 1, 2,...) are
regression parameters; and r; is the residual of the i th EC during
the t th period.

Second, the regression coefficient was achieved by the stepwise
regression method, namely, B;; (0, 1, 2,...) and r;;. Third, the resid-
ual of the area-averaged sensible heat flux was calculated using
the area-to-area regression kriging method, and then, the sensible
heat flux was estimated by adding the trend (regression estima-
tions) to the area-to-area regression kriging results (residual at the
three 3 x 1 or one 2 x 1 MODIS pixels). Finally, the latent heat flux
at the three 3 x 1 or one 2 x 1 MODIS pixels was obtained using the
residual method of the surface energy balance equation. Details of
this method can be found in Ge et al. (2015).

3.3. Calculation of the area overlap degree and spatial
heterogeneity

Based on the footprint model and LST retrieved from ASTER,
Ave RW and AT were used to characterize the degree of overlap
between the source areas of the EC and LAS3 pixels, the spatial
heterogeneity of the surface water and heat conditions in the LAS3
pixels, respectively. The equations used are as follows:

Zarea(i) EC

AveRW = =1 (5)
areaip,‘xel
n
AT = IZ(ng)jc = Ts(j)piot i _pior! (6)
j=1
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Fig. 2. Comparison of sensible and latent heat fluxes measured by EC (using the measurements of EC15-up in HIWATER-MUSOEXE as the reference, May 14-24, 2012).

where n is the number of plots in the LAS3 pixels; area (i)_gc and

area_piye are the area of the EC source area in the i th plot and the

LAS3 pixels, respectively; AT is the surface temperature difference
n

between the LAS3 pixels and the EC source area; ZTSU) _kcis the
j=1

mean surface temperature within the EC source area in the j th plot;

Tyj)_plot is the mean surface temperature in the j th plot; and fj ;o

is the area proportion of the j th plot relative to the LAS3 pixels.

3.4. The uncertainty assessment methods

To assess the uncertainty of the upscaled ET results, the indices
of MAPE, relative error (RE), root mean square error (RMSE), and
correlation coefficient (R) were selected, and their respective equa-
tions are as follows:

n

100~ |P; — O}
MAPE = — Z 5 (7)
i=1

1/2

(0;-0)° (10)

i=1 i=1 i=1

where P, is the estimated value, O; is the measured value, P is the
mean estimated value, Ois the mean measured value, and n is the
number of samples. In Section 4.1, P indicates measurements of
the same type instruments, and O indicates measurements of the
reference instrument or the LAS measurements. In Section 4.3 and
4.4, P indicates the upscaling values, and O indicates the LAS mea-
surements. The uncertainties of the upscaled ET results primarily
originate in the ground observations (EC and LAS) and upscaling
process.

4. Results and discussion

4.1. Consistency comparison of the surface energy flux
instruments

The results of the ECs, LASs, and radiometers were compared
from May 14 to May 24, 2012, in the Bajitan Gobi desert before
the HIWATER-MUSOEXE was conducted. In this section, the 11 EC
sets and 4 LAS sets (LAS1-3: BLS900; LAS4: BLS450) used in this
study were chosen to analyze the instrumental consistency. The EC
installed at site 15 (up layer) (CSAT3 and Li7500A) and the LAS in
LAS1 pixels (BLS900) during the HHWATER-MUSOEXE were selected
as the references, and the sensible and latent heat fluxes measured
by EC and LAS were compared within the three 3 x 1 and one 2 x 1
MODIS pixels (Figs. 2 and 3). The EC8 was recalibrated during the
comparison period due to its low H,0 density, and the latent heat
fluxis not plotted in Fig. 2. Both the sensible heat flux and latent heat
flux measured by EC corresponded well; the RMSE, regression slope
and R of the sensible heat flux and latent heat flux were 11 W m~—2
and4W m~2,3%and 6%, and 0.99 and 0.89, respectively. A degree of
scatter is observed in Fig. 2b due to the lower latent heat flux at the
Bajitan Gobi station (less than 50 W m~2). The LAS measurements
also corresponded well with each other taking the measurements
of LAS1 as the reference (R=0.99, Fig. 3) and featured RMSE and
regression slope values of 10W m~2 and 2%, respectively.

The LAS measurements (LAS1-LAS4) are compared with the
related EC measurements in Fig. 4. As depicted in Fig. 4, all
LAS groups and related EC measurements were consistent with
each other. The RMSE values of LAS1, LAS2, LAS3 and LAS4 were
21Wm=2, 16Wm=2, 14Wm2, and 17Wm~2; the regression
slopes were 3%, 1%, 1%, and 5%; and the R values were 0.97, 0.98,
0.98, and 0.97, respectively.

The above analysis shows that both the EC measurements and
LAS measurements were consistent with each other for a homoge-
neous land surface and that the LAS measurements and related ECs
were also comparable.

4.2. Temporal-spatial variations of ET in the kernel experimental
area

The ET process is influenced by meteorological conditions, veg-
etation status, soil moisture, and topography, etc. The study area
was located in an oasis-desert ecosystem, and the surfaces of the
oasis varied among cropland, orchards, residential areas, roads and
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shelterbelts. The thermal and dynamic characteristics of these sur-
faces were different. In the oasis, surface water and heat conditions
were also different, even in the same cropland, due to different
soil moisture contents (associated with different irrigation times
and quantities) and different crop growing conditions. In addition,
the different densities, heights, and orientations of the shelterbelts
caused differences in the surface roughness. In brief, the shelter-
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belts and different surfaces induced dynamic heterogeneity, and
the different irrigation patterns and land surfaces induced thermal
heterogeneity. Together, these factors caused spatial ET hetero-
geneity. During the crop growing period, the surface heterogeneity
changed over time, leading to corresponding changes in ET.

The soil moisture, plant growth status, and meteorological ele-
ments (i.e., radiation, precipitation, and wind speed, etc.) differed
among all plots within the LAS1, LAS2, LAS3 and LAS4 pixels. There-
fore, the EC measurements in each plot were different, and the LAS
measurements which represented the satellite pixel values (three
3 x 1and one 2 x 1 MODIS pixels), were also different. These differ-
ences also changed over time during the crop growing period. The
seasonal variations in latent heat flux during 10:30-18:00 BST are
shown in Fig. 5.

The amplitude of variation in the latent heat flux was smallest
for the residential surface (site 4) because the surface character-
istics varied only slightly over time (Fig. 5). In contrast, the EC
measurements at other sites (i.e., cropland (sites 5-8, 11-15) and
orchard (site 17)) and the LAS measurements (LAS1-4) increased
with plant growth and gradually decreased at the end of the grow-
ing period. In general, the LAS measurement values were within
those of the EC measurements for the cropland, orchard and res-
idential surfaces. The LAS3 measurements differed considerably
from these EC measurements, while the differences between LAS1
and related EC measurements were relatively small. In general, the
latent heat flux in the orchard was greater than that in the crop-
land, and the smallest latent heat flux was in residential areas.
The latent heat flux in each site increased after irrigation or pre-
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Fig. 4. Comparison of sensible heat fluxes measured by LAS and associated EC systems: (a) LAS1, (b) LAS2, (c¢) LAS3 and (d) LAS4 (May 14-24, 2012).
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Fig. 5. The seasonal variation in the latent heat flux measured by LAS and related EC groups in the kernel experimental area between June 8 and September 14, 2012. (a),

(b), (c) and (d) correspond to LAS1, LAS2, LAS3 and LAS4, respectively, averaged across 10:30-18:00 BST.
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cipitation, and the latent heat flux among each site also differed
considerably during the irrigation periods.

The above analysis shows that a single EC measurement cannot
represent the satellite pixel values, i.e., within the LAS1, LAS2, LAS3,
and LAS4 pixels (three 3 x 1 and one 2 x 1 MODIS pixels) and that
the differences between the EC and LAS measurements changed
over time.

4.3. Upscaling multi-site ET measurements using three simple
upscaling methods

The flux observation matrix data from June 8 to September 14,
2012, were selected for the analysis combing the land use/cover
map and footprint model, including the 11 EC sets (EC4-EC8, EC11-
EC15, EC17), 4 group LAS sets (LAS1-LAS4), and 3 TDP sets in the
three 3 x 1 and one 2 x 1 MODIS pixels (Fig. 1).

Each EC system in the HIWATER-MUSOEXE was installed on
a relatively flat, homogeneous land surface within each plot, and
the measurement height was approximately 3-5m (EC17: 7 m; the
height of EC4 was adjusted to 6.2 m after August 19). If the surface
water and heat conditions at each plot are assumed to be relatively
uniform, these EC measurements can be considered to represent
the average conditions of each plot. Each group of LAS sets covers
3 x 1 or 2 x 1 MODIS pixels, and the effective heights were approx-
imately 35m (LAS1-3) or 23 m (LAS4), which are greater than the
shelterbelt heights (approximately 12.5-25 min the oasis). The four
groups of LAS sets were installed above the internal boundary layer;
therefore, the LAS measurements were considered to represent the
area-averaged water and heat fluxes in the three 3 x 1 or one 2 x 1
MODIS pixels. The instantaneous footprint (ASTER passing time:
12:30 BST), the daily footprint on June 15, and the climatology foot-
prints between June 8 and September 14 (10:30-18:00 BST) were
calculated (Fig. 6).

As shown in Fig. 6, the proportion of instantaneous LAS source
area in the 3 x 1 or 2 x 1 MODIS pixels was greater than 50%. The
source area was located in the central area and covered all the cor-
responding plots (Fig. 6a). The daily source area covered nearly
all the 3 x 1 or 2 x 1 MODIS pixels with a proportion greater than
80% (Fig. 6b). The proportion of daytime averaged source area dur-
ing the entire growing period was also greater than 80%. The LAS
source areas (LAS1-LAS3) were typically approximately 3000 m
long and 1000 m wide, and the LAS4 source area was approximately
2000 m x 1000 m. Therefore, the LAS source areas were considered
to cover the 3 x 1 or 2 x 1 MODIS pixels, and the LAS measurements
canrepresent area-averaged values in the 3 x 1 or 2 x 1 MODIS pix-
els. The LAS measurements could be taken as a reference to evaluate
the upscaled results in the 3 x 1 or 2 x 1 MODIS pixels.

The simple upscaling methods, including the arithmetic aver-
age, area-weighted, and footprint-weighted methods, were used to
upscale the ET observations from the multi-site EC measurements.
Then, the “ground-truth” ET could be acquired at the satellite
pixel scale. The weights of the EC sites in the area-weighted and
footprint-weighted methods are shown in Table 2.

Among the upscaled ET results based on the three simple upscal-
ing methods, the results obtained with the arithmetic average
method displayed relatively large scatter along the 1:1 line, com-
pared to the LAS observations (Fig. 7). Therefore, the area-weighted
and footprint-weighted methods were the focus of the following
analysis.

The upscaled results obtained from the area- and footprint-
weighted methods were similar in the LAS1, LAS2, and LAS4 pixels.
For the latent heat flux results for the LAS1 pixels using the area-
and footprint-weighted methods, the MAPE values were 7.7% and
5.3%, the RMSE values were 32 Wm~2 and 23 W m~2, and the R val-
ues were 0.99 and 0.98, respectively. For the LAS2 pixels, the MAPE
values were 5.4% and 4.3%, the RMSE values were 22Wm~2 and

17Wm~2, and the R values were 0.98 and 0.99, respectively. For
the LAS4 pixels, the MAPE values were 5.3% and 4.5%, the RMSE
values were 25Wm~2 and 22 Wm™2, and the R values were 0.97
and 0.98, respectively. The upscaled results of latent heat flux in
the LAS3 pixels were relatively poor, (MAPE values of 10.8% and
7.6%, RMSE values of 37Wm~2 and 27 Wm~2, and relative low R
values of 0.96 and 0.95) due to the relatively high heterogeneity in
the LAS3 pixels. From the above analysis, we see that the upscaled
results of the simple averaging methods were affected by the het-
erogeneity of the underlying surfaces. In the subsequent analysis,
the area-weighted method was used to analyze the variations in
the upscaled results with time (Fig. 8).

As shown in Fig. 8, the REs of the LAS1, 2, and 4 pixels during
the crop growing period were approximately —15% to 8%, —10% to
11%, and —10% to 10%, respectively, with MAPE values of 7.7%, 5.4%
and 5.3%, respectively. The upscaled results from the area-weighted
method were reliable. However, the REs of the LAS3 pixels were
relatively high (-10% to 30%) and exhibited a U-shaped variation
(Fig. 8c), with a MAPE value of 10.8% during the growing period.
The REs were high before full cover (before July 10; REs between
—14.0% and 52.3% with a mean MAPE of 16.3%) and after the end of
the growing period (after September 4; REs between —17.8% and
52.9% with a mean MAPE of 10.0%). In the middle of the crop grow-
ing period (fromJuly 10 to September 4), the REs were relatively low
(—12.4%t0 28.2%), with a mean MAPE of 6.6%. This phenomenon can
be attributed to the heterogeneity of the underlying surfaces, i.e.,
the influence of irrigation and different crop growing conditions.
The surface was highly heterogeneous before full cover (July 10)
because the maize was interspersed with bare soil. Therefore, the
assumption that the EC observations represent the area-averaged
ET of each plot was not entirely appropriate. The surface was pri-
marily covered by maize after full cover, and the heterogeneity of
the underlying surfaces was reduced greatly, except during irri-
gation periods, when some fields were irrigated and other fields
were not. At the end of the crop growing period, the heterogeneity
of the underlying surfaces increased due to frost-withered maize.
Therefore, the surface heterogeneity determined the validity of the
assumption that the EC measurements represent the area-averaged
ET of each plot, and produced an effect on the upscaled results.

Liu et al. (2011) considered that the differences between the
sensible heat fluxes derived from LAS and EC were caused by the
differences between the source areas of the EC and LAS measure-
ments, the heterogeneity of the underlying surfaces in their source
areas and the EC energy imbalance. Hoedjes et al. (2007) found that
LSTs obtained from thermal infrared satellite imagery can provide
a good indication of the degree of spatial heterogeneity based on
water and heat conditions. In this study, the LSTs from nine ASTER
images between May and September 2012 were used to further
analyze the influences of the heterogeneity of underlying surfaces
on the upscaled results for the LAS3 pixels.

The relationship among the MAPE values of the latent heat flux
upscaling results (Eq. (7)), the degree of overlap between the source
areas of the EC and LAS3 pixels (Ave_RW) (Eq. (5)), and the spatial
heterogeneity of the surface water and heat conditions in the LAS3
pixels (AT) (Eq. (6)) were obtained. As shown in Fig. 9, Ave RW
varied only slightly during the crop growing period, with a value
of approximately 9%. Therefore, the degree of overlap between the
source areas of EC and the LAS3 pixels does not significantly influ-
ence the MAPE variation in the upscaled results. The variations in
the upscaled results were consistent with those of AT, which char-
acterized the heterogeneity of surface water and heat conditions in
the LAS3 pixels. The heterogeneity of the underlying surfaces was
high before full cover (i.e., AT values of 1.9 KonJune 15 and 2.1 Kon
June 24), and the upscaled results were relatively poor (i.e., MAPE
valuesof27.2% onJune 15 and 42.1% onJune 24).In the middle of the
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between June 8 and September 14.

crop growing period (from July 10 to September 4), the surface was
relatively homogenous, and the upscaled results were good (MAPE
and AT values of less than 10% and 1.5 K, respectively). At the end
of the crop growing period (after September 4), the heterogeneity
of the underlying surfaces increased due to frost-withered maize,
and the accuracy of the upscaled results decreased (i.e., MAPE and
AT values of 23.3% and 1.6 K, respectively, on September 12). When
irrigation occurred in the middle of the crop growing period (three
times between July 10 and September 4), the heterogeneity of the
underlying surfaces and therefore the MAPE values of the upscaled

results increased because only some of the plots were irrigated (e.g.,
on August 11, the plots of EC7 and EC12 within the LAS3 pixels were
irrigated, but the entire area was not). The MAPE and AT values
increased to the values of 11% and 1.51 K, respectively.

Due to the high levels of heterogeneity in the underlying sur-
faces of the LAS3 pixels, the MAPE was large before full cover and at
the end of the crop growing period, and the variations in the MAPE
were consistent with those of AT. Therefore, the simple upscal-
ing methods could not achieve satisfactorily upscaled ET results
over heterogeneous land surfaces, and auxiliary variables that can
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Fig. 7. Comparison of the results from three simple upscaling methods between June 8 and September 14, 2012: (left) the arithmetic average method, (center) the area-
weighted method and (right) the footprint-weighted method; LAS1-LAS4 from top to bottom.

characterize the spatial heterogeneity of surface water and heat
conditions must be introduced.

4.4. Upscaling multi-site ET measurements using upscaling
methods introducing auxiliary variables

The measurements of a single EC set cannot represent area-
averaged ET for each plot with heterogeneous land surfaces, and
the accuracy of the upscaled results was reduced when the hetero-
geneity of surface water and heat conditions increased. Therefore,

land surface temperatures that can reflect surface water and heat
conditions were introduced, and multi-site ET measurements were
upscaled to estimate ET at the satellite pixel scale using the upscal-
ing method introducing auxiliary variables, such as the integrated
Priestley-Taylor equation method or area-to-area regression krig-
ing method.

With the latent heat flux dataset based on EC and AWS measure-
ments (e.g., net radiation, surface soil heat flux, air temperature,
pressure, and LST) in 11 plots within the three 3 x 1 and one 2 x 1
MODIS pixels, the Priestley-Taylor parameter o can be deduced
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Fig. 9. Relationship between the MAPE values of the upscaled latent heat flux results, the degree of overlap between source areas of the EC and LAS3 pixels (Ave_RW) and
the heterogeneity of the surface water and heat conditions in the LAS3 pixels (AT) between June 8 and September 14, 2012.

Table 3
Relationship (y=a-x+b) between the Priestley-Taylor parameter « (y-axis) and differences between the surface and air temperatures, Ts-T, (x-axis) in each plot.

Plot June 8 to July 9 September 5 to September 14
a b R n a b R n

EC5 —-0.036 1.249 0.940 40 -0.078 1.152 0.804 20
EC6 —-0.026 1.216 0.936 56 —-0.108 1.233 0.820 20
EC7 —-0.009 1.237 0.685 47 —0.062 1.057 0.841 21
EC8 -0.032 1.248 0.849 52 —-0.087 1.141 0.867 18
EC11 -0.025 1.231 0.901 56 —-0.101 1.089 0.850 19
EC12 —0.028 1.266 0.903 55 —-0.071 1.192 0.802 20
EC13 -0.014 1.351 0.820 53 —-0.055 1.339 0.759 18
EC14 —-0.032 1.259 0.940 56 —-0.080 1.203 0.852 20
EC15 —-0.030 1.270 0.837 56 —-0.070 1.205 0.829 20
EC17 -0.529 1.244 0.846 54 -0.070 1.702 0.817 20
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Fig. 10. Variation in the Priestley-Taylor parameter o and the difference between the surface and air temperatures (Ts-T,) between June 8 and September 14, 2012 (EC15).
The black dotted lines indicate the crop at full cover and at the end of the crop growing period, respectively, the blue dotted line indicates o =1.26 and the red dotted line
indicates Ts-T, = 0K (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

using the Priestley-Taylor equation and ground measurements.
Then, the relationship between « and its influencing factors can
be established. Due to the four irrigation events, the soil mois-
ture remained at a high value (the volumetric water content was
approximately 30%) in the oasis cropland, and the vapor pres-
sure deficit (VPD) was small. Therefore, no significant relationship
between a and soil moisture or VPD existed, rather the difference
between the land surface temperature and air temperature (Ts-T,)
was the primary factor influencing ET in the oasis cropland. Fig. 10
shows the variation of a and Ts-T; during the crop growing period
(using EC15 asan example). AsshowninFig. 10, a clear negative cor-
relation exists between a and Ts-T, before full cover (July 10) and
at the end of the growing period (after September 4). In contrast,
o was approximately equal to the historical value of 1.26 during
the middle of the crop growing period (blue dotted line) because
the cropland was fully covered by maize and the soil moisture was
nearly at field capacity (i.e., a volumetric water content of approx-
imately 20-40% in the depth of 0-80 cm). The LSTs retrieved from
remote sensing images were used in the following upscaling pro-
cess; therefore, the relationship between o and Ts-T, was estimated
for the satellite passing times (11:30-12:00 BST and 12:00-12:30,
BST). The relationship between o and Ts-T, was established using
a linear equation in each plot before full cover and at the end of
the crop growing period (Table 3, the residential plot (EC4) was
applied directly in Eq. (3), therefore EC4 was not shown in the table).
A good correlation coefficient was achieved, and the results were
significant at the 0.01 level.

The heterogeneity of the surface water and heat conditions
was high before full cover (July 10) and at the end of the crop
growing period (after September 4). This heterogeneity produced
relatively large errors in the upscaled ET results using the simple
upscaling methods. In the following analysis, Ts-T, was first calcu-
lated based on the LSTs retrieved from ASTER (June 15, June 24,
and September 12; passing time: 12:30 BST), HJ (June 16, June
19, and June 30; passing time: 12:30 BST) and air temperature
interpolated by the inverse distance-weighted method. Then, the
Priestley-Taylor parameter « was derived from the relationships in
Table 3, and the latent heat flux at each plot in the cropland was cal-
culated based on the Priestley-Taylor equation. Finally, the latent
heat flux in the LAS3 pixels was acquired using Eq. (3). The com-
parisons between the upscaled multi-site ET measurements based

on the area-weighted method, integrated Priestley-Taylor equation
method and area-to-area regression kriging method are shown in
Fig. 11.

In Fig. 11, the upscaled ET results from the area-weighted
method exhibit relatively large errors, while the integrated
Priestley-Taylor equation method and area-to-arearegression krig-
ing method exhibited good accuracy due to the use of remotely
sensed LST. The MAPE of the upscaled ET estimates using the area-
weighted method for September 12 was 23.2%, while the MAPE
was 14.8% using the area-to-area regression kriging method and
only 8.7% using the integrated Priestley-Taylor equation method.
Therefore, upscaled ET results with high accuracy can be acquired
by introducing auxiliary variables that reflect the surface water
and heat conditions (i.e., remotely sensed LSTs) via an appropriate
upscaling method, such as the integrated Priestley-Taylor equation
method or area-to-arearegression kriging method. The above work
will be helpful to acquire “ground-truth” ET data at the satellite
pixel scale over heterogeneous land surfaces.

4.5. Acquisition of “ground-truth” ET data at the satellite pixel
scale

Based on the above analysis, the area-weighted method can be
used to upscale multi-site ET measurements over homogeneous
land surfaces. However, over heterogeneous land surfaces, auxil-
iary variables that can reflect the surface water and heat conditions
(e.g., LSTs retrieved from remote-sensing images) should be intro-
duced, after which the multi-site ET measurements can be upscaled
via the integrated Priestley-Taylor equation method or area-to-
area regression kriging method. Consequently, the precision of the
upscaled results can be greatly improved. In the following analy-
sis, a combined method was adopted to acquire instantaneous and
daily “ground-truth” ET data at the satellite pixel scale during the
timing of a MODIS overpass (applied the area-weighted method
for relative homogeneous surface, otherwise used the method
introducing auxiliary variables). The “ground-truth” ET data at the
satellite pixel scale can be used to validate remotely sensed ET
products and improve ET estimation models.

The 30-min averaged latent heat fluxes from multi-site EC
measurements were upscaled using the area-weighted averaging
method to coincide with the timing of a MODIS overpass, and the
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Fig. 11. Comparison of the upscaled LAS3 pixel results produced using the area-weighted method (LE_ECarea-weighted ), the integrated Priestley-Taylor equation method
(LE-ECp.1) and the area-to-area regression kriging method (LE.ECatark; A: ASTER image; HJ: HJ-1B image) under conditions with high surface heterogeneity (before the crop

was at full cover and at the end of the crop growing period).

instantaneous “ground-truth” ET data at the satellite pixel scale was
obtained in the LAS1, LAS2, LAS3 and LAS4 pixels. Then, the MAPE
thresholds of the upscaled ET data were set according to the cur-
rent instantaneous estimation precision of the remotely sensed ET
product (the MAPE was approximately 15-30%), the heterogene-
ity of the underlying surfaces and the remaining sample numbers.
The MAPE threshold in the LAS1, LAS2, and LAS4 pixels was set to
6%, and the MAPE in the LAS3 pixels was set to 10%. Finally, if the
MAPE of the upscaled ET data was larger than the threshold value,
the integrated Priestley-Taylor equation method was adopted or
set to the default value. The instantaneous “ground-truth” ET data
in the LAS1, LAS2, LAS3 and LAS4 pixels were obtained.

As shown in Fig. 12a, the uncertainties (MAPE) in the instanta-
neous “ground-truth” ET data at the time of the MODIS overpass
in the LAS1, LAS2, LAS3 and LAS4 pixels were 3.8%, 3.2%, 5.1%, and
3.1%, respectively. The upscaling precision of the latent heat flux
was extremely high in the LAS1, LAS2, and LAS4 pixels, and was
relatively poor in the LAS3 pixels, compared to the LAS observa-
tions. The uncertainties were primarily derived from the EC and
LAS measurements and the upscaling process.

With regard to the daily “ground-truth” ET data at the satellite
pixel scale at the time of the MODIS overpass, the area-weighted
method was first used to upscale the multi-site ET measurements.
Then, the MAPE thresholds of the upscaled ET data were set accord-
ing to the current daily estimation precision of remotely sensed ET
products (i.e., the MAPE was approximately 14-25%), the hetero-
geneity of underlying surfaces, and the remaining sample numbers.
The MAPE threshold was 10% for the LAS1, LAS2, and LAS4 pix-
els and 13% for the LAS3 pixels. If the MAPE of the upscaled ET
results was larger than the threshold value, the data were set to a
default value. Finally, the daily “ground-truth” ET data in the LAS1,
LAS2, LAS3 and LAS4 pixels were obtained. As shown in Fig. 12b,
the uncertainty of daily “ground-truth” ET data at the time of the
MODIS overpass in the LAS1, LAS2, LAS3 and LAS4 pixels was 4.7%,
5.4%, 10.7%, and 7.3%, respectively, compared to the LAS observa-
tions. The upscaled results were good in the LAS1, LAS2, and LAS4
pixels and relatively poor in the LAS3 pixels due to high levels of
heterogeneity in the underlying surfaces. The uncertainties of daily
“ground-truth” ET data at the time of the MODIS overpass primar-
ily originated in the EC and LAS measurements and the upscaling
process.

From the above analysis, the precision of the instantaneous and
daily “ground-truth” ET data at the satellite pixel scale at the time
of the MODIS overpass was good. The “ground-truth” ET data can
therefore meet the requirements for validating remotely sensed ET
products.

5. Conclusion

Based on multi-site measurements from 11 EC systems, 4 groups
of LASs, and 3 groups of TDPs in three 3 x 1 (LAS1-3) MODIS pixels
and one 2 x 1 MODIS pixels (LAS4) during the HIWATER-MUSOEXE,
five upscaling methods, including three simple upscaling meth-
ods and two upscaling methods introducing auxiliary variables,
were compared and a combined method was developed to acquire
“ground-truth” ET data at the satellite pixel scale.

The three simple upscaling methods, namely, the arithmetic
average method, area-weighted method, and footprint-weighted
method, were compared by combining AWS data, remote-sensing
data, and a footprint model. The results show that the simple
upscaling methods can be applied to homogeneous underlying sur-
faces with relatively high precision, and the MAPE values in the
LAS1, LAS2, and LAS4 pixels using the area-weighted averaging
method were 7.7%, 5.4%, and 5.3% (an average of 6.1%), respectively.
However, in the heterogeneous LAS3 pixels, the MAPE was 10.8%.
Before full cover (before July 10) and at the end of the crop growing
period (after September 4), the heterogeneity of the surface water
and heat conditions was large, and the MAPE values of the LAS3 pix-
els for the two periods using the area-weighted averaging method
were 16.3% and 10.0%, respectively. The MAPE of the LAS3 pixels
dropped to 6.6% in the middle of the crop growing period (from
July 10 to September 4), when the underlying surface was rela-
tively homogenous. Therefore, the three simple upscaling methods
cannot achieve satisfactory upscaled ET results over heterogeneous
land surfaces. Consequently, auxiliary variables characterizing the
surface heterogeneity should be introduced, and an appropriate
upscaling method, such as the integrated Priestley-Taylor equation
method or the area-to-area regression kriging method, can be used
to improve the upscaled ET results.

On this basis, a combined method (applied the area-weighted
method for relative homogeneous surface, otherwise used the
method introducing auxiliary variables) was used to acquire instan-
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Fig. 12. Instantaneous and daily “ground-truth” ET data at the satellite pixel scale at the time of the MODIS overpass: (a) instantaneous and (b) daily. The error bar indicates

the uncertainty in the “ground-truth” ET at the satellite pixel scale.

taneous and daily “ground-truth” ET data at the satellite pixel
scale at the time of a MODIS overpass, and the uncertainty of the
“ground-truth” ET data was evaluated, taking LAS measurements
as the satellite pixel reference. Compared to the results of the cor-
responding observed LAS values, the uncertainties (MAPE) of the
instantaneous “ground-truth” ET data for the LAS1, LAS2, LAS3 and
LAS4 pixels were 3.8%, 3.2%, 5.1%, and 3.1%, respectively, and uncer-
tainties (MAPE) of the daily “ground-truth” ET data were 4.7%, 5.4%,
10.7%, and 7.3%, respectively. The uncertainties of both the instan-
taneous and daily “ground-truth” ET data at the time of the MODIS
overpass in the LAS1, LAS2, LAS3 and LAS4 pixels were primarily
derived from the EC and LAS measurements and the upscaling pro-
cess. The combined method to acquire “ground-truth” ET data at
the satellite pixel scale could be used as a tool for bridging the gap
between in situ ET measurements and remote-sensing estimates of
ET.

In this study, problems were encountered due to the use of
the LAS measurements as the “reference values” at the satellite
pixel scale to evaluate the upscaled ET results from the multi-site
EC measurements. The study area was in a desert-oasis system,
which was affected by strong advection and secondary circulation.
These conditions might result in small or negative sensible heat flux
within the LAS1-4 pixels. An optical LAS can only measure the sen-
sible heat flux, therefore, the latent heat flux was derived from the
residual term of the surface energy balance equation or the rela-
tionship between the LAS-LE and area-averaged R,. These errors

associated with the LAS-derived sensible heat flux and latent heat
flux when using the residual method requires further analysis. In
addition, the integrated Priestley-Taylor equation method and the
area-to-area regression kriging method for upscaling multi-site ET
measurements over heterogeneous land surfaces require auxiliary
variables to characterize the surface water and heat conditions,
such as remotely sensed LSTs. However, these methods are only
suitable for observations collected at the time of a satellite over-
passdue to the limitations of remote-sensing data. In future studies,
multi-source data that can characterize surface water and heat con-
ditions should be introduced to acquire daily “ground-truth” ET
data at the satellite pixel scale over heterogeneous land surfaces.
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